Abstract A fundamental challenge associated with chromosomal gene regulation is accessibility of DNA within nucleosomes. Recent studies performed by various techniques, including single-molecule approaches, led to the realization that nucleosomes are dynamic structures rather than static systems, as was once believed. Direct data are required in order to understand the dynamics of nucleosomes more clearly and to answer fundamental questions, including: What is the range of nucleosome dynamics? Does a non-ATP-dependent unwrapping process of nucleosomes exist? What are the factors facilitating the large-scale opening and unwrapping of nucleosomes? This review summarizes the results of nucleosome dynamics obtained with time-lapse AFM, including a high-speed version (HS-AFM) capable of visualizing molecular dynamics on the millisecond time scale. With HS-AFM, the dynamics of nucleosomes at a sub-second time scale was observed, allowing one to visualize various pathways of nucleosome dynamics, such as sliding and unwrapping, including complete dissociation. Overall, these findings reveal new insights into the dynamics of nucleosomes and the novel mechanisms controlling spontaneous chromatin dynamics.
Introduction
Dynamics is the fundamental property of chromatin enabling all cellular processes such as chromosome assembly and segregation, DNA replication and repair, embryonic development and pluripotency. DNA is tightly packed in chromatin, and all processes listed above require the accessibility of DNA for proteins enabling these processes. Understanding the mechanism underlying chromatin dynamics is the problem of the highest importance for molecular and cellular biology. The nucleosome core particle (NCP) is a fundamental unit of chromatin structure and dynamics, and defines chromatin function. The NCP is a compact particle with 147 bp of DNA wrapped around an octameric core, comprised of histones H2A, H2B, H3, and H4. The NCP structure is stabilized by electrostatic interactions, specific hydrogen bonds, and salt bridges, identified by the analysis of the high-resolution crystal structure of NCPs (Luger et al. 1997) . The high stability of the NCPs leads to the question of how the DNA within the nucleosome can be accessed by regulatory proteins for transcription, DNA replication, recombination, and repair.
Studies performed over the past two decades led to the discovery of a class of chromatin remodeling proteins with the exclusive role of unwrapping the DNA from the histone core to provide access to DNA regions inside the nucleosome (e.g., reviews by: Luger and Hansen 2005; Thoma 2005; Saha et al. 2006; Cairns 2007) . The remodeling proteins are ATP-dependent systems. At the same time, the energy derived from ATP hydrolysis is not sufficient to allow the nucleosomes to become completely unwrapped, which is inherent in the models, suggesting that remodeling proteins unwrap a short DNA segment and translocate this transient opening along the NCP (e.g., ratchet model in Saha et al. 2006) . However, studies performed in the past decade with the use of various techniques, including singlemolecule approaches, showed that the NCP is not a static structure. Rather, DNA can spontaneously and transiently dissociate, thereby facilitating the unwrapping function of remodeling factors. Understanding this inherent dynamics of nucleosomes, identifying factors involved into the process facilitating DNA accessibility to regulatory proteins, is the goal of numerous biophysical studies of chromatin.
Single-molecule fluorescence and time-resolved techniques have revealed that nucleosomes undergo local dissociation of DNA in the absence of remodeling proteins (Anderson et al. 2002; Ahmad and Henikoff 2002; Li et al. 2005; Bucceri et al. 2006; Koopmans et al. 2007) , and that this process occurs on the sub-second time scale (Li et al. 2005) . However, these studies do not provide the answer on the DNA size that is capable of spontaneous dissociation from nucleosomes. The structural properties of these transient states of nucleosomes are also unknown. It is important to know whether the nucleosome dynamics is limited to the DNA segments at the ends of the NCP core or whether DNA is capable of forming internal loops inside the nucleosome. In addition to local dissociation, the nucleosome can translocate along the DNA template, exposing DNA for the interaction with functional proteins. Therefore, we need to know what is the partition between different dynamic modes of nucleosomes. This review is focused on answering the questions posed above.
Visualization of chromatin structure
Nanoimaging techniques, such as transmission electron microscopy (TEM) and atomic force microscopy (AFM), were instrumental in understanding the chromatin structure. Of particular note, early TEM papers visually demonstrated the beads-on-the string nucleosomal structure of extracted chromatin (Oudet et al. 1975; Olins and Olins 1974; Woodcock et al. 1976; Kornberg 1974) . Additionally, the use of a cryo-EM approach, in which fully hydrated samples are rapidly frozen and vitrified for the imaging avoiding staining, was developed by Adrian et al. (1984) . The application of this powerful approach was instrumental in the elucidation of the 3-D conformation of chromatin, depending on such a factor as ionic strength, to study the effects of the nucleosome positioning and the role of linker DNA in the chromatin conformations (Bednar et al. 1995; Woodcock and Horowitz 1997; Robinson et al. 2006) . Recent advances in the study of chromatin structure at different levels with the use of TEM and cryo-EM are reviewed in Daban (2011) . AFM is a relatively new technique that can be efficiently applied to analyze the structure of chromatin, as evidenced by early AFM studies characterizing the three-dimensional structure of chromatin (Leuba et al. 1994) . The statistical analysis of AFM images enabled the discovery of the effect of histone acetylation on the distribution of nucleosomes in reconstructed chromatin (Yodh et al. 1999 (Yodh et al. , 2002 .
The primary advantages of AFM compared to TEM (except cryo-EM) are the ability to prepare samples without the requirement for sample contrasting and the gentle sample preparation process. As a result, the glutaraldehyde fixation procedure, which is critical to chromatin preparation for EM, can be omitted in AFM studies (Nikova et al. 2004) . Furthermore, the samples remain fully hydrated during the sample preparation procedure, and, more importantly, the chromatin samples can be imaged in a fully hydrated state. This unique property of AFM allows dynamic studies of various biomolecular systems at the nanoscale level Shlyakhtenko et al. 2009 ).
Atomic force microscopy (AFM) basics
The AFM was invented in 1986 (Binnig et al. 1986 ), and commercial instruments became available to the biological community shortly thereafter. A schematic illustrating the principles of AFM operation is shown in Fig. 1 . A sharp stylus (AFM tip shown as a triangle) reads the profile of the sample (shown as a bumpy profile) by scanning over the sample. The tip is attached to a cantilever that works as a spring pressing the tip against the sample to reproduce the surface profile. The vertical position of the tip is measured by a laser light reflected from the cantilever to the positionsensitive photodetector (PSPD). According to this scheme, no special contrasting sample is needed for AFM imaging. Additionally, scanning can be performed in any media at ambient conditions, including physiological conditions, making AFM very valuable for biological applications.
AFM instruments include a number of important features that enable the production of high resolution images. First, the position of the sample relative to the tip is controlled by Fig. 1 Schematic explaining the principles of AFM operation. The position of the tip relative to the sample is controlled by a piezoelectric scanner. The vertical displacement of the tip during scanning is detected using the optical lever principle, in which the position of the light spot on the PSPD is measured. The figure was reproduced from Lyubchenko (2011) with permission from Elsevier© the scanner with an accuracy of better than 1 nm. Second, the tip can be atomically sharp. Third, the displacement of the tip relative to the surface is determined with sub-nanometer accuracy. These three major features provide the foundation for AFM's capability of producing topographic images with atomic accuracy. Atomic resolution was achieved with AFM in an early publication (Ohnesorge and Binnig 1993) in which the atomic-scale periodicities of calcite and the expected relative positions of the atoms within each unit cell were obtained. This capability of achieving atomic level resolution was further exemplified by a recent publication reporting differences of 74 pm in length of covalent single and double bonds (Gross et al. 2012) .
To minimize the effect of the sample displacement by the scanning tip, the instrument is operated in the alternating contact (AC) AFM mode, which was initially proposed in Martin et al. (1987) . In this mode, the AFM tip oscillates with a frequency much faster than the scanning frequency, and is in contact with the sample during a short period of time. For typical AFM experiments in air, the tip oscillates with ∼100 KHz, while the scanning frequency is 2-4 Hz. Another term for AC mode is the Tapping mode (Zhong et al. 1993 ), but the name has been trademarked by the AFM manufacturer, Veeco/Bruker Nano. Other manufacturers use AC mode, intermediate mode, or intermittent contact mode (IC mode).
Since its inception, AFM has been extensively used for the study of various nucleic acids and nucleoprotein complexes. Part of this success is due to the development of reliable sample preparation procedures. Several methods were developed simultaneously in a number of laboratories Lyubchenko et al. 1992a, b; Vesenka et al. 1992; Yang et al. 1992; Allen et al. 1993; Hegner et al. 1993; Bustamante and Rivetti 1996; Lyubchenko et al. 2001) . The use of functionalized mica made it possible to visualaize nucleic acids and nucleoprotein complexes of different types, including chromatin at conditions defined by the properties of the system (reviewed in Lyubchenko 2012).
Chromatin study with AFM
The images of the nucleosomal beads-on-a string morphology have been presented in a number of AFM papers. Figure 2 shows one of the typical AFM images of reconstituted chromatin (Yodh et al. 1999) . AFM applied to studies of chromatin fibers were reconstituted on control or methylated DNA templates suggested that DNA methylation induced fiber compaction only in the presence of linker histones . The same group applied AFM to compare the structure of nucleoprotein complexes reconstituted from tandemly repeated eukaryotic nucleosome-positioning sequences and histone octamers, H3/H4 tetramers, and the histone-fold archaeal protein HMf . The data show that HMf reconstitutes are indeed organized as chromatin fibers, morphologically indistinguishable from their eukaryotic counterparts. The authors speculate that the existence of core histone tails in eukaryotes may provide a greater stability to nucleosomal particles and also provide the additional ability of chromatin structure to regulate DNA function in eukaryotic cells by posttranslational modifications of histone tails. The effect of DNA supercoiling on the structure of reconstituted chromatin was studied by Hizume et al. (2004) . The AFM data showed that the efficiency of the reconstitution was dependent on the length and the negative superhelical strain of the DNA template. The same group showed that the chromatin unfolding and refolding depend on the presence and absence of the linker histone, and the length of the linker DNA (Kobori et al. 2006) . The application of AFM to the organization of DNA within bacteria revealed the role of RNA in assembly of the 30-40-nm nucleoid fiber. However, RNA is not involved into the assembly of eukaryotic 30-nm chromatin (Ohniwa et al. 2007 ).
In Bussiek et al. (2007) , the nucleosomal array assembled on the α-satellite DNA repeat was imaged without glutaraldehyde fixation. In this report, the salt-induced conformational transition of the assembled chromatin was imaged directly. The sample prepared under low salt conditions yielded the expected extended conformations. However, in the presence of MgCl 2, more compact conformations were observed. Moreover, the analysis of the occupancy of different sites within the DNA template revealed a preferential occupancy of the major site. The α-satellite DNA in this study is a segment of the centromeric region of chromatin, containing multiple repeats, and the preferential occupancy of the major site is in agreement with the results obtained from in vivo studies. Altogether, these data led the authors to speculate that satellite DNA sequences define the sequence-specific structure of centromeric chromatin.
AFM imaging of nucleosome dynamics
Mononucleosome assemblies are typical experimental systems used to study nucleosome dynamics. A series of pioneering papers by J. Widom and collaborators (Li and Widom 2004; Li et al. 2005; Tims and Widom 2007) reported on the use of fluorescence and enzymatic approaches to probe nucleosome dynamics. These studies showed that the local opening of nucleosomes occurred in the millisecond time scale; but questions such as the size of the openings, their locations relative to the nucleosomal ends, and the model by which the DNA segments become unfolded required other approaches. These issues were clarified with the use of time-lapse AFM, which allowed direct imaging dynamics of protein-DNA complexes (reviewed in Lyubchenko 2012) .
The ability of AFM to image non-fixed chromatin samples was critical in studies of the structure and dynamics of mononucleosomes (nucleosome core particles, NCP; Shlyakhtenko et al. 2009; Miyagi et al. 2011 ). The DNA template designed for these studies was a 353-bp DNA fragment containing the 147-bp nucleosome positioning Widom-601 sequence (Li and Widom 2004) , flanked by two regions of different lengths, 79 and 127 bp. The position of the nucleosome in this design is determined by the length measurements of the DNA flanks. Additionally, this parameter was used for measuring the number of DNA turns around the histone core, as illustrated schematically in Fig. 3 . Upon DNA wrapping, the lengths of the arms gradually decrease while the size of the nucleosome core increases. DNA wrapping is accompanied by a change in the interarm angle. We assigned a value of zero to the rotation angle for the position of the long arm in the complex with one turn. The design with 1.25 DNA turns is characterized by the rotation angle of 90°. Therefore, the complexes with 1.5, 1.75, and 2 turns have the rotation angles of 180°, 270°, and 360°, respectively. These parameters were used in the analysis of the NCP structure.
A typical AFM image of a nucleosome sample assembled on the DNA template described above is shown in Fig. 4 . The nucleosomes are clearly seen on these images as bright blobs with the DNA arms on both sides of the particle; however, the morphology of the particles is different, suggesting that the number of DNA turns varies between the nucleosomes. The schematic shown in Fig. 3 , and the volume measurements of nucleosome particles, were used for determining the number of DNA turns for each nucleosome, and the numbers for each NCP are shown in Fig. 4 . The values are distributed over a wide range (between 1.0 and 1.7 turns), suggesting that nucleosomes in solution are dynamic and capable of large-scale unwrapping. Similar results were obtained by Filenko et al. (2012) , who analyzed a dinucleosome design. The hypothesis that nucleosomes are dynamic structures was tested by Shlyakhtenko et al. (2009) who performed time-lapse AFM imaging of NCP dynamics in solution. The NCP sample was deposited on APS-mica and imaged with the omission of the drying step. The use of a functionalized APS-mica surface allowed us to perform time-lapse experiments without restrictions on the composition of the buffer Shlyakhtenko et al. 2003; Lyubchenko 2004; Mikheikin et al. 2006) . Several dozen time-lapse datasets were obtained. These experiments revealed different dissociation pathways, as demonstrated by the data described below. The imaging frames illustrating the dynamics of one selected NCP particle with ∼2 DNA turns are shown in Fig. 5a , derived from the movie files of . Initially, the DNA arms slightly unwrap (frames 1 >2); the unwrapping process is more evident in frame 3. The NCP retains its geometry over 3 frames in a row (frames 3-5). Between frames 5 and 6, the NCP loosens and unwraps again in frame 6. It remains unchanged in frame 7 and finally undergoes full dissociation in frame 8. The length measurement (Fig. 5b) shows that the nucleosome dissociation is accompanied by unwrapping of both DNA flanks, although, during the final stages (frames 6 and 7), the process is asymmetric with substantial elongation of one arm compared to another. Similar observations led to the conclusion that the nucleosome undergoes spontaneous dissociation, although the specific path can vary from particle to particle. The example described above illustrates a non-uniform dissociation pathway; however, examples of uniform time-dependent dissociation have been reported as well ).
The finding demonstrating the spontaneous dissociation of nucleosomes seemingly contradicts the numerous biochemical and biophysical studies of nucleosomes performed with the use of ensemble techniques, including X-ray crystallographic studies that described the particles as having well-defined structural characteristics. One dramatic difference between ensemble and single-molecule studies is the concentration of nucleosomes used. The single-molecule studies are typically performed at a much lower nucleosome concentration. It was found that nucleosomes at nanomolar concentrations are unstable and undergo spontaneous dissociation requiring the use of detergents to stabilize them (e.g., Menshikova et al. 2011 , and references therein). This issue will be discussed below. Note that time-lapse AFM observations were made at relatively low-salt conditions that helped to minimize the salt-induced dissociation of nucleosomes.
Nucleosome dynamics revealed by high-speed AFM
One drawback of time-lapse AFM data, described above, is the slow data acquisition rate. In these experiments, it took more than 2 min to acquire one frame-which is a typical data acquisition rate in traditional AFM techniques. Recent advances in AFM technology, primarily performed in the laboratory of T. Ando at Kanazawa University (Japan), have led to a novel high speed-AFM (HS-AFM) technique in which the data acquisition rate is increased 1,000 times, enabling video rate data acquisition (reviewed in Uchihashi and Ando 2011). The use of this imaging technique revealed a number of important features of nucleosome dynamics at the nanoscale level Miyagi et al. 2011) .
Images in Fig. 6a reveal details of the dissociation process of nucleosomes (Miyagi et al. 2011) , obtained with an imaging rate of 3.3 frames per second. The entire dataset contained more than 100 frames, enabling a more detailed analysis of nucleosome dynamics. This set of frames illustrates that, initially, the wrapped nucleosome (frame i) unfolds and generates a loop (frame ii; the loop is indicated with a white arrow), followed by unfolding of the loop (frame iii). Interestingly, prior to unfolding (frame iii), this looped DNA segment undergoes a series of dissociationassociation steps, remaining in a tightly curved configuration. The quantitative analysis of the length measurements for the dataset is shown in Fig. 6b . The graphs show that the long arm (squares) remains unchanged, whereas the short arm increases in length dramatically at ∼12 s (indicated with a red arrow in Fig. 6b ). The short arm (arm 2) remains generally constant in length until∼12 s and then increases gradually, reaching a length at the end of the observation period close to that of the long arm 1. Sharp transitions occurred at∼17 s, resulting in unwrapping of DNA segments of∼10 nm (∼30 bp), suggesting that the lifetime for DNA segmental dissociation is less than 330 ms. Combined, the high-speed AFM data revealed that the unwrapping process is fast and complex; it is accompanied by a number of small, quick steps spanning over a second or less. The fluorescence correlation spectroscopy study of Li et al. (2005) showed that the breathing dynamics of nucleosomes occurs in the 50-250 ms time scale, but these studies were not able to measure the spatial range of these fluctuations. The HS-AFM data show that DNA segments as large as 30 bp dissociate in the 300 ms time scale. Importantly, the images in Fig. 6 are of high spatial resolution (the DNA width on the images is∼3 nm). Furthermore, they reveal that the dissociation of a ∼30-bp segment (12 s) led to the formation of a loop with a small curvature followed by the relaxation of the loop and repositioning of the entire arm.
The HS-AFM studies provided insights into the mechanisms of nucleosome dynamics. The time-lapse AFM data ) are in agreement with this model. However, the high temporal resolution capability of HS-AFM showed that, in addition to the site exposure pathway, the sliding pathway is possible (Miyagi et al. 2011) . In these observations, shown in Fig. 7 , the nucleosome rolls rapidly (∼1 s) in one direction, after which it returns to the original position in the same length of time.
No changes in the number of nucleosomal turns, the size of the nucleosome, or the angle between the arms occurs during this event. However, these are rare events, and the predominant pathway of nucleosome dynamics is believed to be the exposure model. The dynamics of nucleosomes in the nucleosomal array with HS AFM was studied by Suzuki et al. (2010) . In the sequential images of nucleosomal arrays, the sliding of the nucleosome core particle and the dissociation of histone particle were visualized. The sliding showed limited fluctuation within approximately 50 nm along the DNA strand.
Altogether, these observations suggest that transient translocation of nucleosomes along the DNA template can occur, and that this dynamics can facilitate accessibility of DNA to regulatory proteins such as transcription factors. The time span in the HS AFM observation is ∼1 s, but an even shorter time is sufficient for binding specific proteins as demonstrated by Li et al. (2005) . These AFM observations are in line with the recent fluorescence correlation spectroscopy study in which a local fluctuation of individual nucleosomes (∼50 nm movement/30 ms) caused by Brownian motion was observed (Hihara et al. 2012) . Inhibition of these local dynamics by crosslinking impaired accessibility in the dense chromatin regions. Fig. 6 Loop formation and unfolding. a A set of images corresponding to 8.7 s (i), 14.7 s (ii) and 17.1 s (iii). In image (ii), the position of the DNA dissociation and unlooping events are indicated with a white arrow. b The length measurements for the looping and the loop unfolding process. The lengths of the left (arm 1) and right (arm 2) arms and the total DNA length are shown with black squares, red diamonds and green triangles, respectively. In (b), the dashed lines correspond to the image acquired times shown in (a). The scan rate is one frame per 301 ms. The figure was reproduced from Miyagi et al. (2011) with permission from the American Chemical Society©
The role of electrostatics in nucleosome dynamics
Electrostatics play a crucial role in the assembly and stability of nucleosomes. Nucleosomes can dissociate at high ionic strength and the self-assembly process of nucleosomes occurs in concentrated salt solutions (2 M NaCl; Luger et al. 1999) . Therefore, the local electrostatic field can modulate nucleosome stability. The DNA wrapped around the histone core is severely bent, making a circle with an axis diameter of ∼8 nm, which is much smaller than the circle size (∼25 nm) formed by free DNA in solution (Du et al. 2005) . Therefore, from a mechanical point of view, unwrapping of DNA from the histone core is a favorable process. This is exemplified by AFM experiments demonstrating that the DNA loop unfolds after dissociating from the nucleosome (Fig. 6) . Given the fact that nucleosomes at low concentrations (1 nM and less) are unstable (Menshikova et al. 2011) , time-lapse AFM visualizes the pathways of spontaneous dissociation of nucleosomes. However, the specific environment of the AFM experiment needs to be taken into consideration; i.e. the surface, which is positively charged in nucleosome studies. Although the functionalized surface used in these experiments has a low charge density and has little effect on the ion distribution near the surface (Lyubchenko and Shlyakhtenko 1997) , the interaction of DNA with the surface favors the unwrapping process. It was hypothesized in (Miyagi et al. 2011 ) that the surface of chromatin remodeling factors accommodating the nucleosome would be positively charged to facilitate nucleosome unfolding, and a recent study from the R. Kornberg laboratory (Lorch et al. 2010 ) supports this hypothesis. The effect of local surface properties on nucleosome dynamics can be generalized to the chromatin level. The interaction of chromatin with nuclear membranes and other components of the nuclear matrix are important factors that modulate chromatin structure and function. AFM as a topographic technique is an ideal method to characterize these interactions. Although AFM primarily uses mica as a substrate for imaging, and mica's properties are different from the properties of intracellular surfaces, appropriate modification of the substrate surface may mimic surface features in vivo.
DNA sequences and nucleosome dynamics
The majority of biophysical studies, including the time-lapse AFM studies of nucleosome dynamics, were performed with the Widom-601 DNA sequence (147 bp) that has a very high affinity for nucleosome formation (Li and Widom 2004) . In the AFM experiments described above, the position of the fully assembled nucleosome on the 353-bp DNA substrate is very specific and corresponds to the location of the 147-bp sequence within the DNA substrate. However, this specificity was altered dramatically when the zwitterionic detergent 3 -[ ( 3 -c h o l a m i d o p r o p y l ) d i m e t h y l a m m o n i o ] -1 -propanesulfonate (CHAPS) was added to stabilize nucleosomes against dissociation (Menshikova et al. 2011) . The unexpected consequence of this stabilization effect is the loss of the sequence-specific location of the nucleosome on the DNA template, suggesting that the nucleosome loses sequence specificity. Additionally, the nucleosome becomes mobile and capable of translocating along the DNA template. Time-lapse imaging with HS-AFM supported these conclusions.
According to numerous studies, nucleosome dynamics and DNA dissociation primarily occur via a site exposure model in which the ends of the nucleosomal DNA unwrap. This model is in general agreement with AFM data that Fig. 7 Reversible sliding of the nucleosome. a Selected AFM images illustrating a reversible sliding. The vertical dashed line corresponds to the center of nucleosomal particle at 60 s. The numerals (60s, 62s and 65s) correspond to the times the image was captured. b The dependence of the arms' lengths (arm 1, black squares and arm 2, red diamonds) and the total arms' lengths (green triangles) on time. The scan rate is 1 frame per second. Scale bar in (a) 50 nm. The figure was reproduced from Lyubchenko (2011), Shlyakhtenko et al. (2009), and Miyagi et al. (2011) with permission from the American Chemical Society© show that the ratio of nucleosomes with a non-specific location is low. However, these AFM studies and other biophysical experiments, including single-molecule FRET studies, were performed primarily with a DNA substrate containing a specific Widom-601 motif. The reversible translocation shown in Fig. 7 suggests that the 601-sequence provides the most thermodynamically favorable location for the nucleosome. Moreover, unwrapping of nucleosomes with the 601-sequence inside the DNA substrate occurs symmetrically. This suggests that the central part of the 601-sequence plays an important role in the sequencespecific positioning of the nucleosome. Therefore, we hypothesize that the low probability of the sliding pathway observed in studies with the use of the 601-sequence is due to properties of this sequence favoring one pathway over another. This hypothesis is supported by the HS-AFM study of the nucleosomal array in which DNA template with no nucleosome-specific sequences was used (Suzuki et al. 2010) . The authors observed translocation of the nucleosome over the distance ∼50 nm which is comparable with the size of nucleosomal DNA.
The role of DNA sequences in positioning nucleosomes is widely discussed (review: Segal and Widom 2009, and references therein). The positioning of nucleosomes is one of the primary factors regulating gene activity. However, experiments by Menshikova et al. (2011) demonstrate that the nucleosome-specific stringency for the 601-sequence can be decreased in the presence of CHAPS (Fig. 8) . The importance of this finding is supported by the fact that CHAPS is a very close analog of cholesterol, a ubiquitous physiological compound. AFM analysis revealed the stabilizing effect of cholesteryl sulfate, although its effect is much weaker than that of CHAPS (Menshikova et al. 2011 ). These observations suggest that small molecules can modulate the dynamics pathways and stability of chromatin, and cholesterol metabolites can be such candidates.
Nucleosome instability is a well-known problem associated with single-molecule experiments utilizing fluorescence resonance energy transfer (FRET; e.g., Koopmans et al. 2007 ). Therefore, detergents are readily used in these experiments. It is assumed that the use of detergents does not change the structure and dynamics of the system. The AFM experiments demonstrated that this may not be the case; therefore, the use of detergents in experiments in which the dynamics of nucleosomes are analyzed should be validated by independent experiments.
Conclusions
The use of AFM to analyze the dynamics of nucleosomes revealed details of mechanisms by which they could be Fig. 8 Irreversible sliding of the nucleosome in the presence of CHAPS. a-e A set of HS-AFM images. In (a), the black dotted lines indicate the DNA arms of interest. b-e The traced images of the molecule on a black background. f DNA arm length measurements. Black squares and red diamonds correspond to the lengths of the longer and shorter arms in the first image. The green triangles show the time dependence of the total DNA length. The data were acquired with the scan rate of 1.7 frames per second. Dashed white lines in (f) correspond to the times at which images (b-d) were acquired, respectively. The figure was reproduced from Miyagi et al. (2011) with permission from the American Chemical Society© unwrapped to provide access to DNA. Time-lapse AFM imaging directly demonstrated that entire nucleosomes could be unwrapped spontaneously. The details of this process were visualized by HS-AFM, illustrating numerous potentials for this emerging technique. A gentle touch is one of the important features of this emerging time-lapse AFM technique . A weak or even negligible effect of the scanning tip on the sample allows one to visualize various pathways of thermally-induced dynamics of nucleosomes, as different systems are imaged simultaneously. The dynamics of the nucleosomes within the array is the next step in elucidating the chromatin dynamics and a recent paper (Suzuki et al. 2010 ) supports the feasibility of HS-AFM approach for such complex systems. How do DNA sequences influence nucleosome dynamics? How do transcription factors interact with nucleosomes? Do they have access to regulatory regions inside the nucleosome, or do they facilitate unwrapping from the nucleosomal ends? How do remodeling factors interact with nucleosomes? These are a few fundamental questions waiting for answers that could be addressed by the time-lapse AFM technique. However, these are also challenging questions that require further development in both instrumentation and sample preparation techniques. Development on both fronts is on-going, and therefore the answers to these important questions should be on the horizon.
